A series of new sulfobetaine methacrylates, including nitrogen-containing saturated heterocycles, was synthesised by systematically varying the substituents of the zwitterionic group. Radical polymerisation via the RAFT (reversible addition-fragmentation chain transfer) method in trifluoroethanol proceeded smoothly and was well controlled, yielding polymers with predictable molar masses. Molar mass analysis and control of the end-group fidelity were facilitated by end-group labeling with a fluorescent dye. The polymers showed distinct thermo-responsive behaviour of the UCST (upper critical solution temperature) type in an aqueous solution, which could not be simply correlated to their molecular structure via an incremental analysis of the hydrophilic and hydrophobic elements incorporated within them. Increasing the spacer length separating the ammonium and the sulfonate groups of the zwitterion moiety from three to four carbons increased the phase transition temperatures markedly, whereas increasing the length of the spacer separating the ammonium group and the carboxylate ester group on the backbone from two to three carbons provoked the opposite effect. Moreover, the phase transition temperatures of the analogous polyzwitterions decreased in the order dimethylammonio > morpholinio > piperidinio alkanesulfonates. In addition to the basic effect of the polymers' precise molecular structure, the concentration and the molar mass dependence of the phase transition temperatures were studied. Furthermore, we investigated the influence of added low molar mass salts on the aqueous-phase behaviour for sodium chloride and sodium bromide as well as sodium and ammonium sulfate. The strong effects evolved in a complex way with the salt concentration. The strength of these effects depended on the nature of the anion added, increasing in the order sulfate < chloride < bromide, thus following the empirical Hofmeister series. In contrast, no significant differences were observed when changing the cation, i.e. when adding sodium or ammonium sulfate.
Introduction
Our knowledge and understanding of thermo-responsive, water-soluble polymers showing a lower critical solution (LCST) behaviour [1] [2] [3] [4] [5] [6] is, notwithstanding a number of remaining questions, 6 rather advanced compared to those exhibiting upper critical solution temperature (UCST) behaviour. [7] [8] [9] In fact, LCST behaviour is a common phenomenon of non-ionic polymers in aqueous solution. 2 Moreover, their transition temperatures can be easily fine-tuned via their molecular structure, as they can be synthesised not only by various polymerisation methods directly from the respective monomers, 1,2 but also by copolymerisation 3, [10] [11] [12] or by post-polymerisation modification. 4, [13] [14] [15] In contrast, the number of polymers showing UCST behaviour in water is quite limited. 7, 8 These polymers mostly comprise polyzwitterions, in particular of the class of polysulfobetaines. [16] [17] [18] Although their thermo-responsiveness has been explored occasionally, actually quite some time ago, [19] [20] [21] [22] [23] this feature was considered rather a nuisance to their use (e.g. for producing biocompatible or low-fouling materials). Only recently has interest in the UCST behaviour of polysulfobetaines gained more impetus, mostly in order to † Electronic supplementary information (ESI) available: Synthesis of tertiary amine bearing methacrylates; 1 H NMR, 13 C NMR, 1 H-1 H COSY and 1 H- 13 C HMQC NMR spectra of chain transfer agent and monomers; polymer 1 H NMR spectrum illustrating the limits of end group detection; molar mass dependent evolutions of the polymer cloud points with concentration in H 2 O, and as function of added inorganic salts. See DOI: 10.1039/c6py01220e a enlarge the scope of the "traditional" thermo-responsive polymers with LCST behaviour 15, [24] [25] [26] [27] [28] [29] [30] or to obtain stimuli-responsive materials of increasing complexity. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Chemically well-defined polysulfobetaines are most conveniently prepared via free radical polymerisation of the underlying monomers. 16, 18 Yet, only a few such monomers are commercially available at present. The most popular among these are 3-((3-methacrylamidopropyl)dimethylammonio)propane-1sulfonate ("SPP"), and in particular 3-((2-methacryloyloxyethyl) dimethylammonio)propane-1-sulfonate ("SPE", 1). The molecular blueprint of the latter offers a number of variables for systematic structural variations (Scheme 1), and subsequently for investigation of the resulting thermo-responsive behaviour. 18 Still, little work on such variations has been reported to date, 22, 29, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] and studies to elucidate their effects on the phase behaviour of these poly(methacrylate)s are scarcer still. 22, 29, [52] [53] [54] Even the aqueous-phase behaviour of the basic polymer of 1, denoted herein as P-1, has not been fully established, as the reported data are apparently conflicting. 21, 24, 27, 29, [54] [55] [56] [57] Characteristically, the phase transition temperature of P-1 in aqueous solution depends not only on its molar mass and concentration, but also on the presence of small amounts of additives (in particular of low molar mass electrolytes) as well as on the chemical defects in the polymer chains. In fact, the latter is an important obstacle for establishing reliable transition temperatures when producing polysulfobetaines under harsh reaction conditions, or indeed by post-polymerisation modification.
In this context, we recently prepared a set of poly(sulfobetaine methacrylamides) related to the commercial monomer SPP by reversible addition-fragmentation chain transfer (RAFT) polymerisation. 28, 30 By varying the spacer groups between the cationic ammonium and the anionic sulfonate groups, we were able to study their aqueous solution behaviour and dependence on temperature and on the concentration of selected inorganic salts. While strong effects on the phase transition temperature were induced by apparently small structural modifications, the observed increaseor decreasein the temperature did not follow a simple obvious logic. In the present work, we extend these studies to an analogous series of zwitterionic poly(methacrylates) structurally related to the arguably most employed sulfobetaine monomer 1, using the homopolymer (P-1) as a reference ( Fig. 1 , cf. Scheme 1). In detail, we varied, within narrow limits, the spacer length between the polymerisable and the ammonium moieties (variable x), the nature of the two variable substituents on the ammonium nitrogen (variables R 1 and R 2 ), and the spacer group length between the ammonium and the sulfonate groups (variable y). For instance, we incorporated the cationic ammonium moiety of the zwitterionic groups into saturated heterocycles, which has been rarely done up to now. 44, 58 When applying the simple logic of adding incrementally hydrophilic and hydrophobic elements to the basic structure of 1, one would expect that the overall hydrophilicity of the monomers would decrease with the increasing x, y and sizes of R 1 and R 2 . Accordingly, for a given molar mass, the UCSTs of the corresponding polymers should increase concomitantly. While polymers derived from monomers 5 have been studied occasionally, 29, 45, 46, 48, 50, [59] [60] [61] and polymers from monomer 4 have been described only briefly, 25, 49, 51, 62 data on the UCST behaviour of these polymers are more scarce, or are even missing completely. Monomers 2, 3 and 6-8, and their polymers are new compounds. By studying polymers P-1 to P-8 in water and in aqueous salt solutions, we aimed to reveal the structureproperty relationships concerning the occurrence and relative positions of their UCSTs in water, specifically in order to facilitate the tailoring of polyzwitterions with specific transition temperatures in the future.
Experimental section

Materials
Information on the sources, quality and purification of the standard chemicals used are provided in the ESI. † The fluorophore-labelled chain transfer agent 2-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl-4-cyano-4-((( phenethylthio) carbonothioyl) thio) pentanoate (CTA) was synthesised as described previously. 28 The tertiary aminefunctionalised methacrylate intermediates: 2-( piperidin-1-yl) ethyl methacrylate, 2-morpholinoethyl methacrylate and 3-(dimethylamino)propyl methacrylate were synthesised by transesterification of the methylmethacrylate by adopting a literature procedure (cf. ESI †). 63 Deionised water was further purified by a Millipore Milli-Q Plus water purification system (resistivity 18 MΩ cm −1 ).
Monomer synthesis
Synthesis of 3-(1-(2-(methacryloyloxy)ethyl)piperidin-1-ium-1-yl)propane-1-sulfonate (2) . By adopting a standard procedure for synthesizing sulfobetaine monomers from the literature, 44 2-( piperidin-1-yl)ethyl methacrylate (9.86 g, 0.05 mol), 1,3-propanesultone (1.2 eq., 6.72 g, 0.06 mol) and nitrobenzene (0.1 ml) were refluxed in acetonitrile (30 wt%, 73 ml) for 7 days. Upon cooling the reaction mixture to ambient temperature, a white solid precipitate (side product) was formed. After filtration, removal of solvent, and drying in vacuo, the crude product was obtained. Dissolution in acetonitrile and precipitation into diethyl ether provided pure 3-(1-(2-(methacryloyloxy)ethyl)piperidin-1-ium-1-yl)propane-1sulfonate (2) as a colourless powder (yield 15.10 g, 94%, m.p. = 188-193°C). 1 Synthesis of 3-((3-(methacryloyloxy)propyl)dimethylammonio)propane-1-sulfonate (4). 3-(Dimethylamino)propyl methacrylate (1.76 g, 0.01 mol) and 1,3-propane sultone (3 eq., 4.15 g, 0.03 mol) were dissolved in acetonitrile (7 ml) and stirred at room temperature for 1 h. The pure monomer 3-((3-(methacryloyloxy)propyl)dimethyl-ammonio)propane-1-sulfonate (4) was obtained as colourless crystals as a precipitate from the reaction mixture (yield 2.61 g, 90%, fine needles, m.p. = 165°C). 1 Synthesis of 4-((2-(methacryloyloxy)ethyl)dimethylammonio) butane-1-sulfonate (5). 2-(Dimethylamino)ethyl methacrylate (1.60 g, 0.01 mol) and 1,4-butane sultone (3 eq., 4.12 g, 0.03 mol) were dissolved in acetonitrile (7.5 ml) and stirred at room temperature. After 1 h, a white solid began to precipitate, which was filtered off after 24 h. The precipitate was washed with dry acetonitrile. After drying in vacuo, the pure monomer 4-((2-(methacryloyloxy)ethyl)dimethylammonio)butane-1-sulfonate (5) was obtained as colourless crystals (yield 2.00 g, 68%, fine needles, m.p. = 179°C). 1 
CHvC-COO-(cis)). 13 Synthesis of 4-(1-(2-(methacryloyloxy)ethyl)piperidin-1-ium-1-yl)butane-1-sulfonate (6). 2-(Piperidin-1-yl)ethyl methacrylate (1.58 g, 7.5 × 10 −3 mol), 1,4-butane sultone (1.02 eq., 1.08 g, 7.7 × 10 −3 mol) and nitrobenzene (0.1 ml) were refluxed in acetonitrile (100 ml) for 7 days. A white solid was precipitated during the removal of the solvent. The precipitate was filtered off, washed with dry acetonitrile and then dried in vacuo to give the pure monomer 4-(1-(2-(methacryloyloxy)ethyl)piperidin-1-ium-1-yl)butane-1-sulfonate (6) as a colourless powder (yield 1.93 g, 77%, m.p. = 253-264°C). 1 Synthesis of 4-(4-(2-(methacryloyloxy)ethyl)morpholinio) butane-1-sulfonate (7) . The monomer 4-(4-(2-(methacryloyloxy) ethyl)morpholinio)butane-1-sulfonate (7) was synthesised analogously to the synthesis of 6. Thus, the intermediate 2 morpholinoethyl methacrylate (1.52 g, 7.5 × 10 −3 mol), 1,4butane sultone (1.02 eq., 1.05 g, 7.7 × 10 −3 mol) and nitrobenzene (0.1 ml) were dissolved in acetonitrile (100 ml) and refluxed for 7 days. 4-(4-(2-(Methacryloyloxy)ethyl)morpholinio) butane-1-sulfonate (7) was collected by filtration as a colourless powder (yield 2.00 g, 80%, m.p. = 255-266°C). 1 -COO-CH 2 -), 5.77 (s, 1H, CHvC-COO-(trans)), 6.17 (s, 1H, CHvC-COO-(cis)). 13 
Polymer synthesis
All the RAFT polymerisations of the sulfobetaine monomers were performed following a general procedure in which the sulfobetaine monomer, RAFT agent and initiator V-501 in TFE, after purging with N 2 for 30 min, were polymerised at 75°C for a given time span. For purification, the mixture was poured into 10-fold its volume of methanol. The precipitate was collected, dissolved in TFE and precipitated into methanol (repeated twice). After drying in vacuo, the polymers were obtained as hygroscopic amorphous yellow solids (colour intensity decreasing with the increasing molar mass). The purified homopolymers were characterised by 1 H NMR, UV-vis and IR spectroscopies as well as by TGA, DSC and turbidimetry measurements. The individual samples were named P-monomer n , with n being the number average degree of polymerisation that was theoretically calculated by using eqn (1) .
Examples for the RAFT polymerisation of all the monomers are provided in the ESI. †
Methods
The standard analytical equipment used is described in the ESI. †
The approximate monomer conversions were determined from the 1 H NMR spectra of the crude polymerisation mixtures. The theoretically expected number average molar masses M theo n were calculated according to eqn (1):
where M CRU = molar mass of the constitutional repeat unit, M CTA = molar mass of the RAFT agent, c Mon = initial molar concentration of the monomer, c CTA,0 = initial molar concentration of the RAFT agent. The number average molar masses of the polymers were determined by UV/Vis spectroscopic end-group analysis in trifluoroethanol solution using the maximum of the absorbance band of the naphthalimide chromophore at about 444 nm with the extinction coefficient ε of 1.98 × 10 4 L mol −1 cm −1 , and assuming that every polymer carries one naphthalimide moiety. 28 The molar concentration of the naphthalimide chromophore, and thus of the polymer, was calculated using the Lambert-Beer law (eqn (2)), therefrom calculating the molar masses via eqn (3):
where, c is the molar concentration of the polymer in mol L −1 , A is the absorbance of the sample, d is the path length of the cell in cm, ε is the extinction coefficient in L mol −1 cm −1 , m is the polymer mass in g, M n is the number average molar mass and V is the solvent volume in L. Cloud points were determined by turbidimetry using a Varian Cary 50 UV-vis spectrophotometer, equipped with a single cell Peltier thermostated cell holder, using 1 cm × 1 cm quartz cuvettes. Measurements were performed at a wavelength of 800 nm, together with heating and cooling rates of 0.5 K min −1 . Aqueous polymer solutions of various concentrations were prepared in D 2 O, in Millipore water or aqueous salt solutions. The cloud point was taken as the temperature where the normalised transmittance of the solution in the cooling run started to decrease suddenly, i.e. where the transmittance was reduced by 5% relative to the difference between the maximum and minimum transmittance in the run.
Results and discussion
Monomers 2-8 ( Fig. 1) were synthesised following standard procedures, the key step being the final ring-opening quaternisation of the methacrylate functionalised tertiary amine precursors by the sultones 16, 18 in dry acetonitrile. This strategy has the advantage of yielding the final zwitterionic monomers in high purity by a simple precipitation or crystallisation, and in particular, free of inorganic salts. While such salt contaminations may affect the water-solubility of polymers dramatically, once introduced, they may be difficult to remove due to their high affinity to sulfobetaines. Here, no particular problems were encountered, though even when alkylating the amines with the less reactive butane sultone. 29, 41 High yields were obtained not only for monomers 4, 5 and 8 with the established substitution patterns of N-alkyl-N,N-dimethylammoniopropanesulfonates and -butanesulfonates, but also for the sulfobetaines derived from the sterically more demanding heterocyclic tertiary amines, 2-3 and 6-7. The features of the monomers' 1 H and 13 C NMR spectra (cf. Fig. S3 -S16 †) correspond to the reported spectra of the related monomers. 29, 44, 46, 64, 65 Polymers P-1 n -P-8 n (cf. Fig. 1 , with n indicating the theoretically calculated number average degree of polymerisation) were synthesised by RAFT polymerisation at 75°C in trifluoroethanol, in order to establish homogeneous reaction conditions for both the zwitterionic monomers and the much less polar RAFT agent CTA. The polymerisations in trifluoroethanol proceeded smoothly, in agreement with the literature on other sulfobetaine monomers. [28] [29] [30] 41, 46, 66 The ratio of monomer to the fluorophore-functionalised CTA in the reaction mixtures was varied between 100 : 1 up to 600 : 1, in order to modulate the molar masses, while the ratio between CTA and the azoinitiator was always kept constant as 5 : 1 (Table 1) . Under such conditions, the vast majority of the polymer chains were initiated by the "R"-residue of the RAFT agent and consequently labelled by the fluorophore. 28, 30 This enabled not only a facile tracking of the polymers during the various experiments by virtue of their strong fluorescence, but also the ability to apply end-group analysis to support the molecular characterisation. 67 As shown previously, 28, 30 the signals of both the aromatic moieties of the "R"and the "Z" end groups could be resolved and quantified in the 1 H NMR spectra for moderate molar masses (<10 5 ), while the UV/vis absorbance band of the naphthalimide chromophore enabled quantification of the "R" end groups, even for high molar masses. This enabled the facile and quite reliable determination of the absolute number average molar mass (M n ) of the polyzwitterions as well as of the extent of the preservation of the RAFTactive end groups.
The results of the various polymerisations are compiled in Table 2 . The data show that, notwithstanding that high conversions were achieved, the determined molar mass values M n agree well with the theoretically expected ones M theo n , and that the end-group fidelity is high, thus suggesting a well-controlled polymerisation. Accordingly, a set of well-defined, fluorescence-labelled samples of poly(sulfobetaine methacrylates) up to molar masses of 200 kDa was prepared. The 1 H NMR spectra of the various polymers showed characteristic broadening of the signals and the consumption of the methacrylate double bonds, but corresponded otherwise well to the ones of the underlying monomers (cf. Fig. 2 and 3) . R-and Z-end groups were visible as long as the molar masses did not exceed 100 kDa (cf. Fig. S17 †) . From the shape and relative intensities of the signals between 0.5 and 1.2 ppm of the methyl group attached to the polymer backbone, the tacticities of the polymers could be estimated. 68 They were very similar for all samples, suggesting roughly a ratio of 3/2 for the syndiotactic (signal centred at about 0.9 ppm) and atactic (signal centred at about 1.1 ppm) triades present, with only a few (<10%) isotactic (signal centred at about 1.25 ppm) triades formed, as encountered typically for the free radical polymerisation of methacrylates at the applied reaction temperature. 68 Notwithstanding that the polymerisations were conducted in a fluorinated alcohol, the spectra gave no indication of an excessive formation of syndiotactic triades. 68, 69 Thermogravimetric analysis (TGA) of the polysulfobetaines showed that decomposition accompanied by mass loss starts at about 300°C. Differential scanning calorimetry (DSC) measurements revealed no thermal transition for any of the polymers before degradation starts. This is in agreement with reports on most sulfobetaine homopolymers. 43, 44, 70 The solubility of the polymers P-1 to P-8 in water was investigated by turbidimetry. With the remarkable exception of polymer P-2, which is water-soluble over the full range of 0-100°C, the aqueous solutions of all polysulfobetaines studied exhibited a miscibility gap, with an UCST-type phase transition in water as well as in deuterated water (Table 3 ). In both H 2 O and D 2 O, the clouding transitions were all sharp and the curves were reproducible. As the hysteresis of the transitions for heating and cooling runs was marginal (≤1°C), we conclude that the binodal and spinodal lines of the polysulfobetaine/water phase diagram coincide virtually. Table 3 summarises the cloud points, which should correspond very closely to the true phase transition temperatures.
The observed cloud points varied markedly with the precise chemical structure of the polysulfobetaines, as expected. For a given structure, the values increased with the molar mass over the full range studied (DP n ≤ 600) ( Table 3 , see also Fig. S18 †) . Also, they increased notably with the polymer concentration, at least up to concentrations of 50 g L −1 (Fig. 4 , see also Fig. S18 †) . Though this finding seems rather unsurprising, it contrasts with a minimum of the cloud point reported for P-1 within this concentration range. 21 Whereas the concentration dependence seems to level off already at concentrations of about 25 g L −1 for some polymers (P-1, P-6, P-7), no levelling was seen for P-5 and for P-8 even at 50 g L −1 (Fig. 4 , see also Fig. S18 †) . With respect to the chemical structure, we found that polymer P-2 was fully soluble in water even for the sample with the highest molar mass (Table 3 ). For P-3, P-4 and P-6, water-solubility over the full temperature range of 0-100°C was only observed for the samples with the lowest molar mass; otherwise, cloud points were found. In contrast, the polymer samples of P-5, P-7 and P-8 with a low molar mass showed cloud points, whereas samples with high molar masses were insoluble in water over the full temperature range.
For all the thermo-responsive polymers, pronounced H-D isotope effects were found ( Fig. 4) , in analogy to the closely related poly(sulfobetaine methacrylamides). 28, 30 The differences observed between the cloud points in H 2 O and in D 2 O were about 6°C in the cases of P-7 and P-8, and about 10°C in the cases of P-1, P-3, P-4 and P-5. The highest difference of about 25°C was found for P-6. The reasons for the marked, but in its extent notably varying H-D-effect, are not clear at present. A synopsis of the relative water-solubilities of the various polysulfobetaines synthesised reveals that as a general feature, cloud points are considerably higher for the poly(ammonio-butanesulfonate)s than for their poly(ammoniopropanesulfonate) analogues (Table 3) , i.e. we observed for a given molar mass that P-1 < P-5, P-2 < P-6, P-3 < P-7, and P-4 < P-8. This finding agrees with previous studies on the pair P-1/P-5, 20, 29, 53 and matches well with reports on analogous pairs of acrylamide-and methacrylamide-based polysulfobetaines. 15, 30, 71 One might be tempted to explain this observation by an increased overall hydrophobicity of the poly(ammoniobutanesulfonates) due to the additional methylene group in the spacer separating the cationic and the anionic groups of the betaine moiety. However, such a simplistic explanation seems to fall too short, because the few data available for poly(ammonioethanesulfonate) analogues indicate that their solubility in water is inferior to that of their poly(ammoniopropanesulfonate) analogues, 72 in agreement with studies on analogous ammonioalkanesulfonate surfactant series. 73 Steric reasons facilitating, or hampering, respectively, intra-chain ion pairing were suggested as a possible explanation. Interestingly, in the case of the structurally closely related ammonioalkanoates, theoretical studies predict the maximum hydrophilicity of the zwitterionic group being for separation of the anionic and the cationic groups by 6-8 methylene groups, due to balancing the hydration and dehydration energies of the ionic and the spacer groups, respectively. 74 A rich series of poly(ammonioalkanesulfonate methacrylates) with dimethylene up to dodecamethylene (C 12 ) spacer groups was reported recently 50 and could possibly shed more light on this aspect; however, this has not been studied yet concerning their water-solubility. When comparing the effect of the substituents on the ammonium group on the phase transition, we noticed that cloud points decrease as P-1 > P-3 > P-2, and P-5 > P-7 > P-6, i.e. in the order of dimethylammonio → morpholinio → piperidinioalkanesulfonate. Apparently, increasing the steric hindrance on the ammonium group decreases the phase transition temperature, which also seems to match some early observations on other polysulfobetaines. 20 Nevertheless, the polymers P-3 and P-7 containing the morpholine building block show higher cloud points than their analogues P-2 and P-6 containing the piperidine building block, which has a similar steric demand but is a priori more hydrophobic. Hence, a mere steric effect should result in lower cloud points for the poly(morpholinioalkanesulfonates), which, however, is opposite to our findings. The strong effect of the sulfobetaine moiety's precise structure on thermo-responsiveness is evident, but the result cannot be rationalised by a few plain rules.
The lack of a facile structure-property relationship is corroborated when analysing the relative water-solubilities of the pair P-4 and P-8 compared to the pair P-1 and P-5. These two polymer pairs are only distinguished by the number of methylene groups, namely three and two, respectively, that separate the nitrogen atom of their zwitterionic moiety from their polymethacrylate backbone. Yet we find again that such apparently small modifications induce big effects, and that the formally more hydrophobic polymers P-4 and P-8, as judged from their chemical structures, exhibit much lower cloud points. In fact, this finding is consistent with previous studies that reported a smaller miscibility gap for the polysulfobetaine analogue with 11 methylene units between the backbone and ammonium group in comparison to P-1, despite seeming a priori to be much more hydrophobic. 22, 52 The observations possibly indicate that the increased mobility and steric hindrance of the zwitterionic side chain weaken the Coulomb interaction between the ammonium and the sulfonate groups, thereby lowering the UCST of the polymers.
Comparing the phase transition temperatures for the reference polymer P-1 measured by us with the various values reported in the literature, which differ strongly from one another, 21, 24, 27, 29, 35, [54] [55] [56] [57] we note that our values for a given molar mass and concentration are throughout the highest. Model studies suggest that the rather bulky and hydrophobic dye-labelled end groups may be responsible for an increase in the cloud point by a few degrees, 28, 29 but cannot justify the Table 3 UCST-type cloud points of 50 g L −1 aqueous solutions of the polysulfobetaine series P-1-P-8. much larger discrepancies encountered. As addressed already in the introduction, the phase transition temperature of P-1 is known to be quite sensitive to chemical defects as well as to the presence of certain inorganic salts. Indeed, in one case, the partial hydrolysis of P-1 was declared. 24 Chemical defects, such as an incomplete, though close to quantitative conversion of tertiary amine groups into sulfobetaine moieties, can account for the much lower values reported, when P-1 was made by a post-polymerisation modification. 29, 56 The remaining salt contaminants when conducting the polymerisation in the presence of inorganic salts, 27, 35, 57 or when using persulfate initiators, 21, 24, 54, 55 may explain the other deviating data.
In one case, however, we cannot offer a reasonably plausible explanation for the mismatch between our's and the reported cloud point values, 29 as the chosen polymerisation approach and conditions were very similar (trifluoroethanol solution, no salt added, use of azo initiators and of hydrophobic RAFT agents). Similarly to P-1, the cloud points found for the ammoniobutanesulfonate analogue P-5 were also considerably higher in our study than the previously reported values. 29 Here again, we cannot offer presently a convincing explanation for this discrepancy, as none of the plausible possible reasons, as discussed above, can be invoked. Nevertheless, not taking the differences in the absolute values of the cloud points for P-1 and P-5 into account, the results of the two studies are consistent in so far as the cloud points are systematically higher for the ammoniobutanesulfonate P-5 compared to the standard P-1.
In any case, the comparison of the various polymers with their systematically varied structure of the sulfobetaine moiety reveals that at present it is not possible to predict reasonably the phase transition characteristics of newly made polysulfobetaine variants, even for apparently small chemical changes made. The steric demands and flexibility of the side chains appear to affect the phase behaviour in aqueous solution more than the additional hydrophilic or hydrophobic molecular fragments. Note also, that the UCST-type cloud points of the poly(sulfobetaine methacrylate) pair P-4 and P-8 were significantly lower than the reported cloud points of the analogous pair of poly(sulfobetaine methacrylamides) made under identical polymerisation conditions and bearing the identical substituents and spacer groups, except for the amide moiety instead of the ester. 30 This finding, which is opposite to the a priori more hydrophobic character of the ester moiety compared to amides, underlines the failure of a simple hydrophilic-hydrophobic group contribution analysis for rationalising the watersolubility of polysulfobetaines.
As the strong effect of the added low molar mass electrolytes on the water-solubility of poly(zwitterions) is well known, we investigated also the effect of selected inorganic salts on the thermo-responsivity of the poly(sulfobetaine methacrylates). The evolutions of the cloud points in H 2 O containing NaCl, NaBr, Na 2 SO 4 and (NH 4 ) 2 SO 4 are shown in Fig. 5 for one example of each of the studied polymers. For a given polymer, samples of different molar masses showed always the same patterns (cf. Fig. S19-S23 †) . As a common feature, small amounts of added salt make a notable impact. The effect depends notably on the nature of the anion in the order SO 4 2− < Cl − < Br − , in agreement with the empirical Hofmeister series. 75, 76 In contrast, the chemical nature of the added cations seems to be of minor importance, as for a given anion, namely SO 4 2− , we do not observe significant differences between the sodium and ammonium salts. Polymers P-1, P-4, P-5, P-6 and P-8 were subject to a straightforward salting-in behaviour. Their transition temperatures decreased continuously with increasing the amount of added salt following the same pattern, whereby salting-in effectivity increases in the order (NH 4 ) 2 SO 4 ≈ Na 2 SO 4 < NaCl < NaBr. In the case of the latter two salts, the cloud points fell eventually below the freezing point, reaching this point for salt concentrations always lower than 0.1 M (Fig. 5a , c-e and g), i.e. below the molarity of the physiological salt solution. In contrast, high concentrations (>0.3 M) of sulfates induced a small increase in the cloud point, i.e. they make the polymer solubility pass through a maximum.
The salt effects on the water-solubility of polymers P-3 and P-7, containing the morpholinium group, were somewhat more complex (Fig. 5b and f ) . First, we observed a slight increase of the cloud point with increasing salt concentration, up to the lower mM range. Then, the cloud points passed through a maximum, i.e. water-solubility passes through a minimum. Such maxima of the cloud points upon the addition of small amounts of salt have been noticed for some other polysulfobetaines, 22, 24, 28, 30 but the reasons remain a matter of discussion. 24 Beyond the maximum, the cloud points of P-3 and P-7 followed the same pattern as for the other polysulfobetaines when the amounts of salt were further increased: in the case of NaBr and NaCl, the cloud points decreased eventually below freezing point, whereas high concentrations (>0.3 M) of sulfates provoked again a small increase of the cloud point, i.e. they make the polymer solubility pass through a maximum (Fig. 5) .
The strong dependence of the cloud points of P-1 on the concentration and on the type of added inorganic salts, in particular on the anion type in close correlation to the Hofmeister series, is well established. [20] [21] [22] [23] 43, 57, [77] [78] [79] [80] [81] [82] Therefore, the strong effects of the added salts and their relative impacts, observed for structurally closely related polymers P-2-P-8 are not surprising. Still, the widespread perception that the interaction of salts with polysulfobetaines can be treated as a general saltingin effect is not adequate, as evident from the evolution of the cloud points as a function of salt concentration. Maxima and minima can occur in dependence of the precise zwitterion structure, as also reported for certain other polysulfobetaines. 22, 28, 30 Such a complex behaviour may have severe implications when employing polysulfobetaines, e.g. in systems that are not closed and where material exchange can take place, as typically encountered in the biomedical field. The understanding of the underlying reasons remains, despite initial attempts, 24,57 a challenge. 
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Conclusions
Beyond being modulated by molar mass and concentration, the UCST-type thermo-responsive behaviour of poly(sulfobetaine methacrylate) is extremely sensitive to apparently small changes of the chemical structure of the polyzwitterions. The effects observed can, however, not be described or predicted by a simple rule. While water-solubility is generally enhanced for the poly(ammoniopropanesulfonates) compared to their poly (ammoniobutanesulfonate) analogues, it can be also enhanced when increasing theformally hydrophobicalkyl spacer between the polymer backbone and the zwitterionic moiety. Moreover, the incorporation of heterocyclic ammonium groups improved the solubility in water. However, the extent of the effect did not correlate with the formal relative hydrophilicities of the heterocycles introduced. Accordingly, a simple addition of hydrophilic and hydrophobic group contributions clearly fails to describe the structural effects on the phase behaviour encountered. In fact, the best water-solubility is obtained for the polyzwitterions derived from theformallyleast hydrophilic amine building block within the series, namely from piperidine. These observations possibly indicate that the increased mobility and steric requirements of the zwitterionic side chain weaken the Coulomb interaction between the ammonium and the sulfonate groups, thereby lowering the UCST of the polymers. In any case, our results show that structural variations, even small ones, of the polyzwitterion structure are an appropriate strategy, if particularly hydrophilic (or vice versa, less hydrophilic) polyzwitterions are searched for, as, e.g. is the case for low-fouling applications. Furthermore, the aqueous thermo-responsive behaviour is strongly modulated by adding inorganic salts. The modulation, however, cannot be understood as a straightforward salting-in effect, as the impact of the salts depends in a complex way on both the amount and the precise chemical nature of the ions added, in particular of the anions. Altogether, our study demonstrates the rich thermo-and salt-responsive behaviour that polysulfobetaines derived from monomer units even with a rather simple structure may offer in aqueous media. Nevertheless, we are still far from a thorough understanding of the phenomena, or of being able to establish rules that would enable a reliable prediction of the behaviour of new variants for such stimuli-responsive polymers.
